Abstract. The tectonics and volcanism of the terrestrial planets are controlled by the loss of heat from the planetary interior. On the Earth, about 70% of the heat flow through the mantle is attributed to the subduction of cold lithosphere. In order to understand the tectonic and volcanic processes on Venus it is necessary to understand how heat is transported through its mantle. In this paper, three alternative end-member hypotheses are considered. The first is the steady state loss of heat through the mantle to the surface in analogy to the Earth. However, without plate tectonics and subduction on Venus, a steady state requires either a very high plume flux or very rapid rates of lithospheric delamination. The required plume flux would be equivalent to about 80 plumes with the strength of the Hawaiian plume. The required delamination flux implies a 50% delamination of the entire Venus lithosphere every 10 m.y. Neither appears possible, so that it is concluded that Venus cannot transport heat through its mantle to its surface on a steady state basis. The second hypothesis is that there has been a strong upward concentration of the heat-producing elements into the crust of Venus; the heat generated is then lost by conduction. Surface measurements of the concentrations of the heatproducing elements place constraints on this model. If everything is favorable this hypothesis might be marginally acceptable, but it is considered to be highly unlikely. The third hypothesis is that heat is lost by episodic global subduction events followed by long periods of surface quiescence. The near-random distribution of craters suggests that the last subduction event occurred about 500 Ma. This model implies a thick thermal lithosphere (•-300 km) at the present time, which is consistent with a variety of surface observations. Lava lakes on the Earth are considered as analogies to plate tectonics; they also exhibit episodic subduction events.
Introduction
Studies of the surface of Venus during the Magellan mission have provided a wealth of data on its tectonic and volcanic processes [Solomon et al., 1992] . The radar images of the surface are complemented by global topography and gravity anomaly data. It is now clear that plate tectonics, as it is known on the Earth, does not occur on Venus. At the present time, Venus is a one-plate planet. Nevertheless, there are tectonic features on Venus that certainly resemble major tectonic features on the Earth. Beta Regio has many of the features of a continental rift on this planet. It has a domal structure with a diameter of about 2000 km and a swell amplitude of about 2 km. It has a well-defined central rift valley with a depth of 1-2 km, and there is some evidence for a three-armed planform (allocogen). Alta, Eistla, and Bell Regiones have similar rift zone characteristics [Senske et al., 1992; Grimm and Phillips, 1992] . Aphrodite Terra, with a length of some 1500 km, is reminiscent of major continental collision zones on this planet, such as the mountain belt that extends from the Alps to the Himalayas. Ishtar Terra is a region of elevated topography with a horizontal scale of 2000-3000 km. A major feature is Lakshni Planum, which is an elevated plateau similar to Tibet with a mean elevation of about 4 km. This plateau is surrounded by linear mountain belts, Akna, Danu, Freyja, and Maxwell montes, reaching elevations of 10 km, similar in scale and elevation to the Himalayas. the transport of heat through the mantle and lithosphere of Venus is in a near steady state balance with the heat generated by the heat-producing elements and the secular cooling of the planet. This requires a relatively thin, stable lithosphere with heat transport to its base by mantle convection. Heat transport through the lithosphere must be conduction or another unspecified mechanism.
The second model is the catastrophic model. In this model the present loss of heat to the surface of Venus is not in balance with its internal heat generation. The global lithosphere stabilized about 500 Ma, and the interior of the planet has been heating up since then. Heat is lost in episodes of global subduction of the thickened lithosphere.
The third model is the differentiated planet. In this model the heat-producing elements have been almost entirely fractionated into the crust, and the heat generated is lost by conduction to the surface.
Uniformatarian Model
Before considering a uniformatarian model for Venus, a brief discussion of how heat is transported through the mantle of the Earth will be given. A comprehensive review has been given by Turcotte and Schubert [1982] . The total heat loss at the surface of the Earth is close to Q•r = 3.55 x 10 •3 W with an estimated error of less than 5%. With a total surface area of •1oe = 5.1 X 10 s km 2 the mean surface heat flow is q•r = 70 mW m -2. The origin of this heat is the decay of the radioactive isotypes of uranium, thorium, and potassium and the secular cooling of the planet. The Urey number Ur is defined to be the ratio of radioactive heat generation to the total heat loss; 1 -Ur is the fraction attributed to secular cooling. Estimates for the Urey number for the Earth fall in the range 0.6 < Ur < 0.8. Sleep [1990] . These studies relate the rate of creation of plume swells to the mantle heat flux. Davies [1988] estimates that the mantle flux due to plumes is Qp = 2.5 x l0 •2 W, and Sleep [1990] estimates the value to be Qp = 2.3 x l0 •2 W. Sleep [1990] considered 37 plumes from both the oceans and the continents. Sleep [1990] may represent only a fraction of the actual mantle plume flux.
Heat transport in the ocean basins is dominated by plate tectonics, whereas heat is lost
The second possible source is delamination of the continental lithosphere. The continental lithosphere is gravitationally stable, and there is no evidence that it can be subducted as a whole. However, the mantle portion is gravitationally unstable, and there is considerable evidence that the mantle lithosphere and lower crust separate from the upper crust and descend into the mantle [Bird, 1979] . This is delamination, and it will contribute to the mantle heat flux in the same way that subduction of the oceanic lithosphere does. There is observational evidence for lithospheric and lower-crustal delamination in the Himalayas, Alps, and Colorado Plateau. However, the rates are so small that the associated mantle heat flux is generally assumed to be negligibly small.
The third possible source is other secondary convective processes in the mantle. In order for secondary convection to convect significant heat it must contain either ascending hot rock or descending cold rock. But ascending hot rock is generally associated with mantle "plumes" and descending cold rock with descending subducted or delaminated lithosphere. Thus it is not clear that it is appropriate to discuss heat transport associated with secondary convection except in the context of either plumes or delamination (subduction). The loss of heat to the surface of the Earth is illustrated in Figure l a be viable. Without the participation of cold subducted lithosphere the temperature differences associated with ascending hot material and descending cold material through the mantle of Venus will be considerably less than on the Earth. In order to transport the same amount of heat we require larger material fluxes through the mantle. The implication is that the Rayleigh number will be higher on Venus; since the Rayleigh number is principally sensitive to the viscosity, the conclusion is that the mean viscosity in the mantle of Venus must be considerably less than on the Earth in order to provide the necessary steady state heat transport. Based on the above dis- There is also direct observational evidence that episodic subduction is an applicable mechanism for heat transfer in a convecting system with a very viscous (rigid) upper thermal boundary layer. A natural analog for mantle convection is the thermal convection in a lava lake. Atmospheric cooling creates Before doing this, however, the concentrations of the heatproducing elements in the silicate mantle of the Earth will be discussed. As upper and lower limits to the Urey number we take Ur = 0.8 and 0.6. Published estimates of the corresponding concentrations of the heat-producing elements and the rates of heat generation are given in Table 2 Table 2 are •7 times the estimated bulk earth values, leading to a reasonable 12% basaltic component in the undepleted mantle with complete transfer of incompatible elements to the liquid fraction. Also given in Table 2 are typical concentrations of heat-producing elements in ocean island basalts (OIB). Clearly, these basalts have enriched concentrations of the incompatible elements. Before considering results for Venus, we turn to the Moon. Concentrations and heat production are given for seven mare basalts in Table 2 . Certainly, lunar basalts are very complex, and there are significant differences between the interior of the Earth and the Moon. However, the more "primitive" lunar basalts (i.e., olivine and pidgeonite) have concentrations of U and Th rather similar to E type MORB. The depletion in K is consistent with the depletion of all volatile elements in the Moon, presumably associated with the giant impact (or other processes) responsible for its formation.
The concentrations of heat-producing elements and heat production for five landing sites on Venus (Vega 1, 2 and Venera 8, 9, 10) are given in Table 2 If the crust is thick, the temperature within it will exceed its liquidus (assumed to be undesirable). If the crust is thin, the heat production H will be large (exceeding the observed values). Solutions for the two cases in which the basal temperature approaches the liquidus (Tm • 1700øK) are given in Table 2 , we see that the values for Ur -0.6 are generally consistent.
Thus it is possible to construct a model for the upward concentration of the heat-producing elements that has a mantle temperature below the solidus and rates of heat generation compatible with the surface observations. However, this does require extreme assumptions: (1) almost complete transfer of the heat-producing elements to the crust, (2) negligible secular cooling of Venus, and (3) Mechanical considerations provide independent evidence against the uniformatarian hypothesis. This hypothesis requires a mean lithospheric thickness for the planet of about 50 km. With the high surface temperature, such a thin lithosphere is inconsistent with the high topography, large gravity anomalies, lack of crater relaxation, and large observed flexural rigidities.
Crater statistics suggest that a global volcanic resurfacing event occurred on Venus about 500 Ma. This suggests that a rigid global lithosphere then stabilized and has thickened conductively since. One hypothesis is that plate tectonics simply ceased at that time; however, without plate tectonics the interior temperature would increase. An alternative hypothesis is that subduction on Venus is episodic. Episodes of global catastrophic subduction are followed by periods of surface stability. Lava lakes in Hawaii are considered to be analogies for this process. These lakes experience episodic subduction events as the solid surface crust thickens and becomes gravitationally unstable.
According to the episodic hypothesis the global lithosphere becomes sufficiently unstable as it thickens so that a global subduction event occurs. This is followed by a period of active volcanism and tectonics with high surface heat loss that cools the interior. With the cooling of the interior the vigor of the volcanism and tectonics decreases, leading to the stabilization of the global lithosphere. This lithosphere thickens conductively, and the interior heats up until another global subduction event occurs. The coronas on Venus are taken as incipient subduction zones and as evidence that the lithosphere is on the verge of a global subduction event. Heat loss from the interior of Venus is easily explained by a global subduction event followed by an episode of extensive volcanism and tectonics. And the present thick lithosphere associated with the episodic hypothesis explains a variety of mechanical problems as discussed above.
A third hypothesis for Venus is that the heat-producing elements have been transferred to the crust and Venus is now a "dead" planet. Although available constraints cannot absolutely rule out this hypothesis, it is difficult to envision how a global volcanic resurfacing event can be consistent with a planet that was slowly "dying." The basic conclusion of this paper is that the bulk of the presently available evidence favors the episodic subduction hypothesis.
An important question to answer is, Why does the Earth have plate tectonics and Venus does not? One suggestion is that while subduction can occur on Venus, seafloor spreading cannot. It is recognized that the temporal evolution of plate tectonics requires intraplate deformation. On the Earth, almost all this deformation takes place in the continental portions of the surface plates. The western United States is an example. The rheology of continental lithosphere is soft relative to oceanic lithosphere due to the silicic composition of the continental crust. Without continents, it is suggested that this intraplate deformation cannot occur on Venus, and thus Venus cannot have a global system of seafloor spreading centers which are necessary complements to subduction in plate tectonics. Without seafloor spreading, episodic global subduction events recycle the cold, unstable lithosphere.
An obvious question is, What happened on Venus prior to the last resurfacing? It is the basic theme of this paper that episodes of global subduction have occurred throughout much of the evolution of Venus. But are there any relict fragments of this early history? It is difficult to explain the high mountains of Ishtar Terra unless they are of silicic composition. They may be continentlike relicts of the past on Venus which were completely reworked during the resurfacing event but did not participate in the last global subduction because of their gravitational stability.
